We propose a four-dimensional (4D) coded multiband-OFDM scheme suitable for beyond 1.4 Tb/s serial optical transport. The proposed scheme organizes the N-dimensional (ND) signal constellation points in the form of signal matrix; employs 2D-inverse FFT and 2D-FFT to perform modulation and demodulation, respectively; and exploits both orthogonal polarizations. This scheme can fully exploit advantages of OFDM to deal with chromatic dispersion, PMD and PDL effects; and multidimensional signal constellations to improve OSNR sensitivity of conventional optical OFDM. The improvement of 4D-OFDM over corresponding polarizationmultiplexed QAM (with the same number of constellation points) ranges from 1.79 dB for 16 signal constellation point-four-dimensional-OFDM (16-4D-OFDM) up to 4.53 dB for 128-4D-OFDM. 
Introduction
The optical communication systems have been evolving rapidly in recent years in order to adapt to the continuously increasing demand on transmission capacity, coming mainly from the growing popularity of the Internet and multimedia in everyday life. In order to keep the system complexity reasonably low, the new optical communications solutions have to offer affordable upgrades of currently available optical communication systems operating at lower speeds to satisfy the required higher speeds [1] . One such approach was based on multidimensional coded modulation [2] [3] [4] . Namely, by increasing the number of dimensions (i.e., the number of orthonormal basis functions), we can increase the aggregate data rate of the system without degrading the bit error rate (BER) performance as long as orthogonality among basis functions is preserved. Most of the papers on multidimensional signal constellations for optical communications so far have been related to single carrier systems.
In this paper, which can be considered as generalization of [4] , we describe how to map multidimensional signal constellation points in coherent optical orthogonal frequency division multiplexing (OFDM) systems. The key idea is to exploit all advantages of both of OFDM and multidimensional single carrier systems. The multidimensional mapper for OFDM can be described as follows. Let N-dimensional signal constellation point be represented as S = (S (0) ,S (1) ,…,S (N-1) ), where S (l) (l = 0,…,N-1) is the lth coordinate. Let the duration of the signal frame be M signal constellation points. We can represent the signal constellation points in matrix form, by placing the coordinates of signal constellation points along the columns of a signal matrix. We further apply two-dimensional inverse fast Fourier transform (2D-IFFT) to obtain 2D-IFFT array of complex numbers. The coordinates of complex numbers can be considered as in-phase (I) and quadrature (Q) channels, while even and odd rows of twodimensional array can be mapped to x-and y-polarizations, respectively. The arbitrary Ndimensional (N = 2,3,4,5,…) signal constellation can be used in combination with this scheme. Because in optical channel we have four bases functions (in-phase, quadrature, xpolarization and y-polarization) available, the full advantage of this scheme can be obtained by employing the 4D signal constellations. All other steps of this 2D-OFDM scheme are similar to conventional coherent optical OFDM. On receiver side, we use the conventional polarization-diversity receiver, followed by 2D-FFT demapper. Therefore, this scheme can fully exploit the advantages of OFDM as an efficient way to deal with chromatic dispersion, polarization mode dispersion (PMD) and polarization dependent loss (PDL) effects. At the same time we can exploit the advantages of multidimensional signal constellation to improve the optical signal-to-noise ratio (OSNR) sensitivity of conventional optical OFDM dramatically. We also describe a 4D coherent optical multiband-OFDM scheme enabling 1.4 Tb/s serial optical transmission.
The paper is organized as follows. The proposed 4D low-density parity-check (LDPC)-coded OFDM is described in Section 2. In Section 3, we describe the 4D multiband-OFDM as a beyond 1 Tb/s serial optical transport enabling technology. The performance analysis results are provided in Section 4. Finally, some important concluding remarks are given in Section 5.
Description of 4D coded optical OFDM
The proposed 4D LDPC-coded optical OFDM system is shown in Fig. 1 . The m independent data streams are encoded using different LDPC (n,k l ) codes (l = 1,…,m), where n denotes the codeword length and k l is the information word length of lth component code. The codewords are written row-wise into m × n bit interleaver. The m bits are taken from bit interleaver column-wise at every symbol slot i and are used as input of 4D mapper, which selects one constellation point out of 2 m , depending on information content. The 4D mapper is implemented as a look-up table (LUT) with m input bits serving as a memory address that selects the four coordinates of 4D signal constellation point. The outputs of 4D mapper are written column-wise into 4 × M symbol-like interleaver. The content of symbol interleaver can be represented as a two-dimensional array (matrix) as follows: ,,
where the jth column
T represents the coordinates of jth 4D signal constellation point (S
) (j = 0,1,…,M-1). Therefore, the rows correspond to the dimensions and columns to subcarriers. Notice that conventional PolMux OFDM requires 2 × 2M signaling matrix for the same amount of data, and the bandwidth requirements are therefore identical. This two-dimensional array is used as input to the two-dimensional inverse discrete Fourier transform (2D-IDFT) block, which calculates the IDFT as follows
where
 
Xk is obtained by concatenating M/4 sub-matrix blocks of type (1), so that the duration of signal per axis is M. In Eq. (2), we use nk to denote dot product of
nk n k n k . The result of 2D-IDFT block is 2D array of complex numbers:
where s ij = (s ij,I , s ij,Q ), with subscripts I and Q corresponding to in-phase and quadrature channels, respectively. More details on multidimensional DFT can be found in [5] , and for VLSI implementation an interested reader is referred to [6] . The matrix (3) The elements of row-vector x (row-vector y ), namely s x,i = (I x,i Q x,i ) [s y,i = (I y,i Q y,i )], corresponding to x-(y-) polarization, are used (after digital-to-analog (D/A) conversion) as inputs to the I/Q modulator as shown in Fig. 2 (b) of reference [4] . Alternatively, the polar modulator shown in Fig. 1(c) can be used. The corresponding streams in x-and ypolarizations are multiplexed in polarization beam combiner (PBC) as shown in Fig. 1(c) and transmitted over the optical transmission system of interest. Notice that arbitrary Ndimensional (N = 2,3,4,5,…) signal constellation can be used. Because in optical channel we have four bases functions available, the full advantage of this scheme can be obtained by employing the 4D signal constellations. (The cyclic extension insertion principle and A/D conversion operation are very similar to that in conventional OFDM and as such are not discussed here.)
At the receiver side, and using the polarization beam splitter (PBS), the optical signal is split into two orthogonal polarizations that are used as input into two balanced coherent detectors. The balanced coherent detectors provide the estimated in-phase and quadrature information for both polarizations. The outputs of the balanced detectors, after A/D conversion, cyclic extension removal and carrier recovery, are processed by 2D-DFT block.
Notice that both 2D-IDFT and 2D-DFT can be efficiently calculated based on 2D fast Fourier transform (2D-FFT) algorithm. The simplest 2D-FFT algorithm is based on one-dimensional FFT and requires 2M × Mlog 2 M complex multiplications and additions. The complexity of this algorithm is M 4 /[2M 2 log 2 M] times lower than that of direct 2D-DFT computation. Upon the deinterleaving, the symbol log-likelihood ratios (LLRs) are calculated in the a posteriori probability (APP) demapper using the following equation,
where   SR ii P is determined by Bayes' rule as:
By substituting Eq. (5) into Eq. (4) we obtain:
  is the prior symbol LLR, which can be calculated by:
where 
Therefore, the jth bit reliability is calculated as the logarithm of the ratio of a probability that c j = 0 and probability that c j = 1. In the nominator, the summation is done over all symbols S having 0 at the position j, while in the denominator over all symbols S having 1 at the position j. With L a (c k ) we denoted the prior (extrinsic) information determined from the APP demapper. The inner summation in Eq. (9) is performed over all bits of symbol S, selected in the outer summation, for which c k = 0, kj. The bit LLRs are forwarded to LDPC decoders, which provide extrinsic bit LLRs for demapper according to Eqs. (8) and (7), and are used as inputs to Eq. (6) as the prior information based on Eq. (7). Similarly as in conventional coherent optical OFDM systems in quasi-linear regime, the received 4D symbol vector of kth subcarrier in ith OFDM symbol
can be represented by
denotes the transmitted symbol vector of kth subcarrier in ith OFDM symbol. We use superscript (l) to denote the lth (l = 0,1,2,3) coordinate of corresponding signal constellation point. In Eq. (10) ,
denotes the noise vector dominantly determined by the amplified spontaneous emission (ASE) noise;  T and  LO denote the laser phase noise processes of transmitting and local lasers,  CD (k) denotes the phase distortion of kth subcarrier due to chromatic dispersion, and H k denotes the channel matrix of kth subcarrier, which is similar to the Jones matrix described in [7, 8] . Therefore, the equivalent model of proposed 4D OFDM scheme is similar to that of polarization-multiplexed (PolMux) OFDM, so that similar behavior is expected in terms of chromatic dispersion, PMD and PDL tolerance. As opposed to conventional polarizationmultiplexed QAM based OFDM systems that multiplex two independent 2D streams, the proposed scheme is 4D scheme and allows full potential of 4D space to be exploited. For the same symbol energy as in 2D space, in 4D space the Euclidean distance between neighboring constellation points is much larger resulting in much better BER performance. In order words, for the same target BER, the OSNR sensitivity is much better in 4D OFDM as shown in Section 4.
Description of 4D optical multiband-OFDM
In order to meet high capacity demands, according to some industry experts, the 1 TbE standard should be available by 2012-2013 [9] . Coherent optical OFDM is one promising pathway towards achieving beyond 1 Tb/s optical transport [10, 11] . Initial studies [10, 11] indicate that the system Q-factor when multiband OFDM with orthogonal sub-bands is used is low (about 13.2 dB after 1000 km of SMF [11] ).
Such a low Q-factor represents a very tight margin in terms of 7% overhead for RS(255,239) code, and the use of stronger LDPC codes is advocated in [10, 11] . In this section, we describe one potential LDPC-coded multiband 4D-OFDM scheme suitable for beyond 1 Tb/s optical transport.
In Fig. 2 , we describe the conceptual diagram for multiplexing/demultiplexing enabling beyond 1 Tb/s Ethernet based on multiband 4D-OFDM. The frame corresponding to 1.4 Tb/s (see Fig. 2(a) ) is organized in five OFDM bands, each carrying 280 Gb/s traffic, originating from 128 to 4D-OFDM described in previous section as follows 7 × 0.8 × 50 GS/s. The guard spacing between two neighboring OFDM bands is Δf G = mΔf sc (m is a positive integer), where Δf sc is the subcarrier spacing. Because the central frequencies of neighboring OFDM bands are orthogonal to each other, we may simplify the separation of OFDM bands by anti-aliasing filters, as explained in [10, 11] . Every particular input data stream to the 4D-OFDM subsystem carries 40 Gb/s traffic. The 40 Gb/s traffic can originate from either 40 GbE or 10 GbE, when we need to perform RF multiplexing of four 10 GbE streams. The proposed multiplexing/demultiplexing scheme is compatible with 10 GbE, 40GbE and 100 GbE. For example, two 100 GbE and two 40 GbE data streams can be used as input to 4D-OFDM block to generate 280 Gb/s Ethernet traffic. Notice that the proposal due to Shieh [10] is not compatible with 40 GbE because it employs the 100 Gb/s data rate as the baseband rate. Another advantage of the proposed multiplexing/demultiplexing architecture is that it is essentially two-layer architecture (see Fig. 2(b) ), while PolMux-based OFDM architecture [10, 11] is three-layer architecture. Finally, the proposed architecture is based on 4D signal constellations, while that in [10, 11] is based on 2D constellations and has much stringent OSNR sensitivity requirements.
In Fig. 2(b) , we describe our proposed two-layer integrated circuit hierarchy. The baseband level, at 40 Gb/s, can be straightforwardly implemented in CMOS ASIC technology, and 40 Gb/s signal can originate either from 40 GbE or 10 GbE as we explained above. The baseband layer can also be combination of 40 GbE and 100 GbE data streams as indicated above. The second layer is the photonics layer, which can be implemented in photonic integrated circuit (PIC) technology [12] , and simply requires the integration of five-frequency. 
Performance analysis

